The effects of dilution rate and glucose, nitrogen or oxygen limitation on the intracellular and extracellular concentrations of adenine nucleotides, on the adenylate energy charge and on the specific activities of four enzymes of adenylate metabolism, have been investigated with chemostat cultures of Azotobacter beijerinckii. Under glucose limitation both ATP and ADP contents and the total adenylate pool increased with an increase in dilution rate while the energy charge remained constant at 0.85; the concentrations of extracellular ADP and AMP rose. With nitrogen limitation all the intracellular adenylates decreased with an increase in dilution rate while the concentration of extracellular ADP and AMP decreased markedly; the energy charge rose from 0.72 to 0.79. Under oxygen limitation the ATP content and total adenylate pool increased at higher dilution rates and the energy charge increased from 0.71 at D = 0.1 h-l to 0-81 at D = 0.15 h-' and then remained fairly constant; the concentration of extracellular adenylates decreased.
The effects of dilution rate and glucose, nitrogen or oxygen limitation on the intracellular and extracellular concentrations of adenine nucleotides, on the adenylate energy charge and on the specific activities of four enzymes of adenylate metabolism, have been investigated with chemostat cultures of Azotobacter beijerinckii. Under glucose limitation both ATP and ADP contents and the total adenylate pool increased with an increase in dilution rate while the energy charge remained constant at 0.85; the concentrations of extracellular ADP and AMP rose. With nitrogen limitation all the intracellular adenylates decreased with an increase in dilution rate while the concentration of extracellular ADP and AMP decreased markedly; the energy charge rose from 0.72 to 0.79. Under oxygen limitation the ATP content and total adenylate pool increased at higher dilution rates and the energy charge increased from 0.71 at D = 0.1 h-l to 0-81 at D = 0.15 h-' and then remained fairly constant; the concentration of extracellular adenylates decreased.
The specific activity of adenylate kinase was relatively unaffected by dilution rate under nitrogen or oxygen limitation but was inversely related to it in organisms grown under glucose limitation. AMP nucleosidase activity was inversely related to dilution rate under glucose-, nitrogen-and oxygen-limited conditions, while adenosine deaminase was relatively unaffected by dilution rate except for a decrease in organisms from oxygen-limited cultures at lower growth rates. The specific activity of adenine deaminase was inversely related to dilution rate in organisms grown under glucose and nitrogen limitation but showed little change under oxygen limitation. The principal route of AMP degradation in A. beijerinckii is mediated by AMP nucleosidase and adenine deaminase.
I N T R O D U C T I O N
The important role of adenine nucleotides in the regulation of cellular activities is now well established and the unifying concept of the adenylate energy charge (Atkinson, 1968) , while not without its critics, has stimulated considerable research effort (reviewed by Knowles, 1977) . Our previous studies on the regulation of glucose metabolism and poly-phydroxybutyrate biosynthesis in Azotobacter beijerinckii (Senior & Dawes, 1971 , 1973 Senior et al., 1972) and on the effects of dissolved oxygen concentration (Jackson & Dawes, 1976; Ward et al. 1977; Carter & Dawes, 1979 ) led us to investigate intracellular adenine nucleotide concentrations under oxygen, nitrogen and carbon limitation in the chemostat. Relatively little work has been published on the effect of the growth rate of the population on the adenine nucleotide content of bacteria (Chapman & Atkinson, 1977) and it was of interest to examine this parameter, which influences poly-P-hydroxybutyrate deposition in A .
beijerinckii (Senior et al., 1972) . Poly-/3-hydroxybutyrate is unique among bacterial reserve polymers in that its synthesis does not directly involve the participation of ATP; further, it is synthesized by A . beijerinckii in substantial amounts only under conditions of oxygen limitation, when its formation serves as an electron acceptor alternative to oxygen.
Studies with Azotobacter vinelandii (Haaker & Veeger, 1976 ; Jones et al., 1973) demonstrated a dependence of the intracellular adenine nucleotide concentration of washed suspensions on the oxygen input, while batch culture experiments have indicated an important role for AMP nucleosidase in the regulation of adenylate pool size and energy charge (Schramm, 1974; Leung & Schramm, 1978) . We have therefore also examined the effect of growth rate on several enzymes associated with adenylate metabolism and on the excretion of adenine nucleotides by A . beijerinckii.
M E T H O D S
Growth of the organism. Azotobacter beijerinckii NCIB 11292 was grown at 30 "C in chemostat culture in a glucose/minimal salts medium as described by Senior et al. (1972) . Under nitrogen-limited conditions the dissolved oxygen tension was maintained at 3.9% of air saturation (0.8 kPa) and for oxygen limitation (undetectable dissolved oxygen tension) the 0, supply was 30ml min-I with an N, flow rate of 800ml min-I. For nitrogen limitation the gas was supplied at 20 ml min-l and the O,/N, mixture was diluted with 59 1 ml argon min-I. For carbon limitation, 69.4 mM-glucose was provided; under all other conditions the glucose concentration was 90 mM.
Sampling procedure. Samples were taken directly from the chemostat via a three-way lever tap attached to the culture vessel (Jackson & Dawes, 1976) into a syringe containing H,SO, (to give a final concentration of 300 mM). Immediately before sampling, a syringe was attached to the tap and sufficient culture was removed from the chemostat to clear the sampling system. The syringe containing H,SO, was then substituted, its plunger withdrawn to secure a vacuum, and the tap opened to collect the sample. Extremely rapid mixing of the culture and acid was achieved. When comparisons were made visually using dye and water, this technique proved superior in our hands to other methods described by Knowles (1977). The sample was immediately divided; one half was mixed with 0.05 M-Na/K phosphate buffer, pH 7.3, and the remainder with the same buffer containing known concentrations of ATP, ADP and AMP. After 10 min the pH of both samples was adjusted to 7.3 with 1 M-NaOH. Denatured material was removed by centrifuging for 15 min at 3000 g at 4 OC and the,supernatant was stored at 0 OC. The extracts were assayed for adenine nucleotides within 5 h.
Measurement of ATP, ADP and AMP. ATP in bacterial extracts was measured by the firefly luminescence method using a high-gain photomultiplier tube as described by Dawes & Large (1970) except that the output of the photomultiplier tube was recorded by a Smith 'Servoscribe' linear chart recorder (Smith Industries, Wembley, Middlesex). ADP and AMP in extracts were determined as ATP after enzymic conversion of each to ATP (Johnson et al., 1970 ). An increase in the period prior to neutralization of the acidified samples, variation of the concentration of H,SO,, substitution of HCIO, for H,SO,, or centrifuging the samples prior to neutralization, had no effect on the ATP measured in these assays.
Protein. Protein was measured by the method of Lowry using bovine serum albumin standards with each estimation.
Harvesting of bacteria and preparation of cell-free extracts for enzyme assavs. These operations were carried out as described by Senior & Dawes (1973) using a French press for disruption of the bacteria and 167 mMtriethanolamine/HCl buffer, pH 8.0, for washing and resuspending the organisms.
Enzyme assavs. AMP nucleosidase (EC 3.2.2.4), adenine deaminase (EC 3.5.4.2). adenosine deaminase (EC 3.5.4.4) and AMP deaminase (EC 3.5.4.6) were assayed essentially as described by Schramm & Lazorik (1975) after optimizing the assay conditions for A . beijerinckii. Extracts dialysed for either 3 h or overnight against 50 to 100 vol. triethanolamine/HCl buffer gave higher activities than undialysed extracts in each of these assays except that for AMP deaminase, significant activity of which was not detected under any of the conditions used in this work. Because of the report by Yoshino et al. (1979) on the effects of monovalent cations on AMP nucleosidase, tests were carried out with the standard assay system to ensure that optimum conditions were being used. Adenylate kinase (EC 2.7.4.3) was assayed by the method of Sottocasa et al. (1967) .
Analysis of culture supernatants for adenine and h-vpoxanthine. Portions of culture supernatant containing about 1 pmol of A,,,-absorbing material (assuming a molar absorption coefficient, E , of 13 x lo3 1 mol-l cm-' for adenine) were evaporated to dryness. under reduced pressure and then taken up in 100 pI water. Portions (10 pl), together with known amounts of adenine and hypoxanthine. were applied to thin-layer cellulose sheets containing a fluorescent indicator (Eastman, cat. no. 13254) and developed with 2-propanol/NH40H/water (70:10:20, by vol.) (Schramm & Lazorik, 1975) . After drying the plates, spots were visualized under U.V. light. The cellulose of each spot was carefully scraped off and added to 2 ml0.1 M-HCI. Cellulose was removed from the resulting suspensions by centrifuging and adenine ( E~~~ = 13 x lo3 1 mol-' cm-') and hypoxanthine (E,,, = 10.8 x lo3 I mol-' cm-l) in the supernatant were assayed spectrophotometrically against the standards. The limit of sensitivity was 0.05 pmol.
Porv-P-hydroxy~utyrate. This was determined by the method of Carter & Dawes (1979). Viability measurements. The viability of chemostat cultures was measured by a slide culture technique (Ward et al., 1977) and by plate counts.
R E S U L T S A N D D I S C U S S I O N
Efect of culture dilution rate and nutrient limitation on the intracellular adenylate pool, energy charge and extracellular adenylate Concentration The effect of culture dilution rate on the intracellular adenine nucleotide content and adenylate energy charge of A . beijerinckii was studied under three different nutrient limitations, and the extracellular concentrations of adenylates were also examined under these conditions (Table 1 ). In Table 1 , the intracellular adenylate concentrations are expressed on the basis of both intracellular protein and bacterial dry weight. We have made this comparison because protein content varies according to nutrient limitation and growth rate, e.g. under oxygen limitation organisms contain poly-P-hydroxybutyrate in amounts inversely related to their growth rate (Senior et al., 1972; and Table 1) .
Glucose limitation. Both ATP and ADP contents and the total adenylate pool increased with an increase in dilution rate, while the energy charge remained unchanged at 0.85. The intracellular concentration of AMP was fairly constant but the extracellular ADP and AMP concentrations were higher at the faster dilution rates.
Nitrogen limitation. At the higher dilution rate all the intracellular adenine nucleotides showed some decrease in concentration, while the concentration of extracellular ADP and AMP decreased by about 89 % and 96 %, respectively, and the energy charge increased from Oxygen limitation. Although the total adenylate pool showed little change on a protein basis it increased when referred to dry bacterial weight. The ATP content increased at higher dilution rates and the energy charge increased from 0 s 7 1 at D = 0.1 h-' to 0-8 1 at D = 0.15 h-' and then remained fairly constant. At the two lowest dilution rates, organisms from oxygen-limited cultures displayed the highest concentrations of extracellular adenylates of the three different nutrient limitations investigated, AMP accounting for the major proportion. With an increase in dilution rate the extracellular AMP and ADP concentrations decreased while ATP remained at a constant low concentration.
Comparison of nitrogen-limited growth (very low rate of poly-P-hydroxybutyrate formation) with oxygen-limited growth (high rate of polymer synthesis) revealed no significant difference in the energy charge of these organisms which have access to unlimited glucose. But at D = 0.1 h-' organisms from both oxygen-and nitrogen-limited cultures displayed similar, lower energy charges than at higher dilution rates.
Jackson & Dawes (1 976) found that the intracellular nicotinamide nucleotide concentrations in oxygen-and nitrogen-limited steady state cultures of A . beijerinckii were also very similar, although a marked increase in the NADH/NAD ratio occurred in the transient state following the imposition of an oxygen limitation on a. nitrogen-limited culture, readjustment taking place within 1 h as poly-@-hydroxybutyrate synthesis commenced and served as an alternative electron acceptor.
Extracellular adenylates could clearly arise both by excretion and by lysis of dead cells. The former process can have a physiological role by serving to stabilize the energy charge of the organism, e.g. excretion of AMP will buffer the energy charge against a decrease. The problems of assessing the specific lysis rate in continuous cultures of Methylococcus sp. Eflect of dilution rate and nutrient limitation on adenine nucleotide content and energy charge of A . beijerinckii 591 ml argon min-'. The nitrogen source was N, in all experiments. For each steady state assays were carried out in triplicate on two or more successive days.
For nitrogen limitation the dissolved oxygen tension was maintained at 0-8 kPa and for oxygen limitation (undetectable dissolved oxygen tension) the 0, supply was 3.6% of the inflowing gas (N, flow rate 800 ml min-'). For nitrogen limitation the N, supply rate was 20 ml mh-' and the O,/N, mixture was diluted with
The values recorded are means of assays which did not differ by more than 5 %. $ PI%, Poly-/I-hydroxybutyrate. . (1978) who found the specific lysis rate of this organism increased with dilution rate under three different growth limitations. We have viability data only for the oxygen-limited cultures but these organisms, assessed by either slide culture or plate count, remained about 90 % viable under the conditions investigated. Consequently, it would seem reasonable to attribute the changes in extracellular adenylate concentration observed with oxygen-limited cultures principally to excretion of adenylates and not to a change in the specific lysis rate. While the possible influence of lysis on the extracellular adenylate concentrations in carbon-and nitrogen-limited cultures cannot be positively decided, it should be noted that dilution rate would have to affect the specific lysis rates of these two different cultures in an opposite manner to account for the observed changes in extracellular concentrations. Thus, in view of the findings of Drozd et al. (1978) , it seems more likely that excretion of adenylates is the principal factor involved in these changes and we therefore adopt this premise in the following discussion. The proportion of the total adenine nucleotide consumption involved in the synthesis of RNA is directly related to the growth rate, as is the turnover time of the adenylate pool. The adenylates of fast-growing populations of bacteria are committed principally for the biosynthesis of nucleic acids, proteins and adenine cofactors and, in the present experiments, also for nitrogen fixation. When the energy and carbon source was not limiting the excretion of adenylates was inversely related to dilution rate ( Table 1) . With glucose-limited cultures adenylate excretion was not only much lower but displayed a different pattern by increasing slightly at higher dilution rates, possibly reflecting less stringent control of AMP formation under these conditions. With all three limitations AMP excretion underwent the most marked changes and, by this means, possibly served to buffer the energy charge. In contrast, excretion of AMP does not occur with either Escherichia coli or Beneckea natriegens as a means of regulating the energy charge under conditions of carbon or nitrogen limitation (Knowles, 1979).
Eflect of culture dilution rate and nutrient limitation on enzymes of adenylate metabolism
The adenylate pool is maintained by the action of various enzymes. Adenylate kinase brings the three nucleotides into equilibrium (2ADP * AMP + ATP) an! while its specific activity was largely unaffected by dilution rate under nitrogen and oxygen limitation, it was inversely related to dilution rate in organisms from glucose-limited cultures (Fig. 1) . In Table 1 , the Kapp for the reaction has been calculated from the intracellular adenine nucleotide concentrations.
The energy charge can be stabilized under conditions where ATP regeneration is restricted (e.g. by oxygen limitation of an obligate aerobe) by decreasing the intracellular concentration of AMP either by excretion or by its metabolism. The major pathway of adenylate degradation in Azotobacter vinelandii involves two enzymes -AMP nucleosidase, which converts AMP to adenine and ribose 5-phosphate, and adenine deaminase, which yields hypoxanthine and NH, from adenine (Schramm & Lazorik, 1975) . Since the latter enzyme has a greater activity than the former under physiological conditions in this organism, adenine does not accumulate and is a transient intermediate in adenylate breakdown (Schramm & b u n g , 1973) . Evidence has been adduced that AMP nucleosidase is involved in the control of the adenylate pool size and is allosterically modulated by MgATP2-and Pi (Hurwitz et al., 1957; Schramm, 1974) . When batch cultures of A. vinelandii were perturbed by anaerobiosis, growth ceased and the adenylate pool either increased slightly or remained constant while the energy charge decreased to about 0-3, although the viable count was unchanged for at least 5 h; RNA degradation occurred but AMP breakdown was inhibited, so that the lowered energy charge was attributable to the organism's inability to produce ATP under anaerobic conditions ( b u n g & Schramm, 1978).
We found that AMP nucleosidase was present in A . beijerinckii and its specific activity was inversely related to dilution rate under nitrogen-, glucose-and oxygen-limited conditions; at a dilution rate of 0.25 h-I activity was very low under oxygen limitation (Fig. 2) .
AMP deaminase, which converts AMP to inosine 5'-monophosphate (IMP) and NH, in eukaryotes, has not yet been detected in prokaryotes although a non-specific adenine nucleotide deaminase is present in Desulfovibrio desulfuricans (Yates, 1969) . However, adenosine deaminase, yielding inosine and NH,, is present in A . beijerinckii and its activity was relatively unaffected by dilution rate (Fig. 3) except for a decrease at lower dilution rates in the case of bacteria grown under oxygen-limited conditions. The activity of adenine deaminase, which produces hypoxanthine and NH,, was inversely related to dilution rate in organisms from both glucose-and nitrogen-limited cultures but showed little change under oxygen-limited conditions (Fig. 4) .
